Objective-Apolipoprotein AII (apoAII) is the second major apolipoprotein in high-density lipoprotein (HDL). However, the physiological functions of apoAII in lipoprotein metabolism have not been fully elucidated. Methods and Results-We generated human apoAII transgenic (Tg) rabbits, a species that normally does not have an endogenous apoAII gene. Plasma levels of human apoAII in Tg rabbits were Ϸ30 mg/dL, similar to the plasma levels in healthy humans. The expression of human apoAII in Tg rabbits resulted in increased levels of plasma triglycerides, total cholesterol, and phospholipids accompanied by a marked reduction in HDL-cholesterol levels compared with non-Tg littermates. Analysis of lipoprotein fractions showed that hyperlipidemia exhibited by Tg rabbits was caused by elevated levels of very-low-density lipoproteins (VLDL) and intermediate-density lipoproteins. Furthermore, postheparin lipoprotein lipase activity significantly decreased in Tg rabbits compared with non-Tg rabbits. Conclusions-These results indicate that apoAII plays an important role in both VLDL and HDL metabolism, possibly through the inhibition of lipoprotein lipase activity. ApoAII Tg rabbits may become a new model for the study of human familial combined hyperlipidemia.
H igh levels of plasma high-density lipoproteins (HDL) are associated with a low incidence of cardiovascular disease. 1 HDL contains 2 major apolipoproteins (apo): apoAI and apoAII. It is generally accepted that apoAI plays a central role in reverse cholesterol transport and protects against atherosclerosis 2, 3 ; however, apoAII functions have not been clearly characterized. 4 -6 
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Clinical and epidemiological studies have yielded conflicting results regarding the relationship between plasma apoAII levels and coronary heart disease: apoAII is either proatherogenic 7 or atheroprotective. 8 The Ϫ265C polymorphism in the apoAII promoter region was shown to be associated with decreased plasma apoAII concentration and enhance postprandial metabolism of large very-low-density lipoproteins (VLDL). 9 Nevertheless, apoAII has long been considered to be of physiologically minor importance in lipoprotein metab-olism because apoAII deficiency is not associated with a high susceptibility to coronary heart disease. 10 ApoAII transgenic (Tg) mice along with knock-out (KO) mice have revealed multiple functions of apoAII. 4, 5 Both human and mouse apoAII in Tg mice are involved in VLDL metabolism, but mouse apoAII is also associated with obesity and insulin resistance. [11] [12] [13] In addition, mouse apoAII is proatherogenic in chow-fed Tg mice, whereas human apoAII is either atheroprotective or proatherogenic in Tg mice dependent on an atherogenic diet. 14 -17 Although the cause of these discrepancies in different mice expressing different transgenes is unclear, it seems that there is a species difference in apoAII functions between human and mouse, and that the precise physiological functions of apoAII in vivo remain to be elucidated. Studies using Tg mice are often complicated by additional factors such as the effect of human homodimer apoAII versus murine monomer apoAII, transgenic apoAII (either human or murine) versus endogenous murine apoAII, and the absence of cholesteryl ester transfer protein (CETP), a critical modulator of lipoprotein metabolism, 18 in the plasma of mice. To overcome these problems, we investigated the functions of human apoAII in lipid and lipoprotein metabolism using rabbits. Like humans but unlike mice, rabbits have abundant plasma CETP and exhibit hepatic apoB100 and intestinal apoB48 synthesis, and their lipoprotein profiles are low-density lipoprotein (LDL)-rich. 19 Interestingly, wild-type rabbits are genetically deficient in an apoAII analogous gene 20 ; therefore, they can be considered as an "apoAII-KO" model. To gain insight into the in vivo functional roles of human apoAII, we generated and characterized Tg rabbits expressing human apoAII and examined the effect of human apoAII on lipid and lipoprotein metabolism. We found that the expression of human apoAII led to combined hyperlipidemia and marked reduction of plasma HDL in Tg rabbits.
Materials and Methods

Production of Human ApoAII Transgenic Rabbits
Tg rabbits were generated by the methods established in our laboratory as reported previously. 19 The DNA construct used for microinjection was a 3-kb human apoAII genomic fragment 21 with 4 copies of the chicken ␤ globin insulator, which prevents the position effect of transgenes 22 (Figure 1A ). Tg founders were identified by Southern blotting and mated with non-Tg rabbits to produce F1 progeny. All animal experiments were performed with the approval of the Animal Care Committee of the universities of Yamanashi and Saga and conformed to the Guide for the Care and Use of Laboratory Animals published by the U.S. National Institutes of Health. Rabbits were fed with a chow diet (RM-4, Funabashi Farmer) containing 16.5% protein, 4.2% fat, and 13% crude fiber. To examine the tissue expression of human apoAII in Tg rabbits, total RNA was isolated from various tissues and Northern blotting was performed as described previously. 23 Plasma lipids and apolipoproteins along with enzymes were analyzed using the methods described in the supplemental materials (available online at http://atvb.ahajournals.org).
Statistical Analysis
All data were expressed as meanϮSEM and assessed for significance with the Student t test. In all cases, statistical significance was set at PϽ0.05.
Results
We created 3 independent Tg founders as shown by Southern blotting, and they were designated as A-192(L), A-222(M), and A-230(H) ( Figure 1B ). These Tg founders were bred to provide F1 progeny for our study. Northern blotting analysis showed that the human apoAII transgene in Tg rabbits was predominantly expressed in the liver, with a small amount of apoAII expression in the bone marrow and lung (approximately 1% and 6% of the liver expression as determined by real-time RT-PCR; Figure 1C ). Plasma levels of human apoAII in the founder Tg rabbits were 6.8 mg/dL (A-192), 13.6 mg/dL (A-222), and 30 mg/dL (A-230); A-230 Tg rabbit thus had a plasma level of apoAII similar to that of healthy humans (31 to 35 mg/dL). 24 
Analysis of Human ApoAII in the Plasma and Liver
Rabbit plasma was separated by 10% SDS-PAGE under either nonreducing or reducing conditions, and then immu-noblotting was performed using anti-human apoAII mAb. Plasma apoAII protein isolated from Tg rabbit showed the same molecular weight as human plasma apoAII: as a homodimer (approx.17.4 kDa) under the nonreducing condition and a monomer (approx. 7.8 kDa) under the reducing condition ( Figure 1D ). Histological and immunohistochemi- cal staining revealed that the liver histology of Tg rabbits was normal compared to non-Tg rabbits, and that human apoAII immunoreactive proteins were concentrated along the sinus lumens ( Figure 1E ), which is similar to apoAII staining parttern of human liver (data not shown).
ApoAII Tg Rabbits Exhibited Hyperlipidemia
We first analyzed the plasma lipids of 3 lines of Tg rabbits and found that expression of human apoAII resulted in a dose-dependent changes in plasma TG and HDL-C ( Figure  1F ). In the current study, we performed all subsequent analyses using the A-230 line of Tg rabbits because they had a level of plasma apoAII (male: 28Ϯ1 mg/dL, nϭ10; female: 36Ϯ2 mg/dL, nϭ14) similar to that of healthy humans and showed apparent hyperlipidemia as described below. We compared plasma lipid and lipoprotein levels of Tg rabbits in both fasting and postprandial states with those of non-Tg littermates (Figure 2A ). Compared with non-Tg littermates, there were 2 striking changes in the plasma lipid levels of Tg rabbits. First, both male and female Tg rabbits had higher plasma levels of triglycerides (TG; 2.4-to 2.6-fold increase in males and 3.0-to 4.5-fold increase in females), Total cholesterol (TC; 1.6-to 1.8-fold increase in both males and females), and phospholipids (PL; 1.7-fold increase in males and 1.8-fold increase in females), which was more prominent in female than male Tg rabbits. Second, Tg rabbits showed a remarkable reduction in HDL-C levels: a 50% decrease in males and a 65% decrease in females. Increased plasma levels of lipids and decreased HDL-C levels were found in both fasting and postprandial Tg rabbits. There was no change in plasma free fatty acids, glucose, or insulin levels between Tg and non-Tg rabbits (data not shown).
Effect of Expression of ApoAII on Plasma Lipoproteins
To analyze the effect of apoAII expression on lipoproteins, plasma lipoprotein profiles were initially examined by Fat Red 7B after agarose gel electrophoresis. There were 3 marked changes in plasma lipoprotein levels of Tg rabbits compared with non-Tg rabbits: (1) a marked increase in ␤-migrating lipoproteins (VLDLs), (2) a marked decrease in ␣-migrating lipoproteins (HDLs), and (3) a noticeable increase in remnant lipoproteins in the postprandial state ( Figure 2B ). Note that "fast" ␣-migrating HDLs in Tg rabbits decreased markedly compared with those in non-Tg rabbits.
Analysis of the density fractions of lipoproteins further confirmed the findings described above and showed that the increased levels of ␤-migrating lipoproteins in Tg rabbits was attributable to high levels of VLDL (dϽ1.006 g/mL), intermediate-density lipoproteins (IDL) (dϭ1.006 to 1.02 g/mL), and large LDL (dϭ1.02 to 1.04 g/mL), but a reduced level of fast-migrating HDL 2 -HDL 3 compared to non-Tg rabbits ( Figure 3A ). In addition, HDL present in dϭ1.04 to 1.06 g/mL fractions (so-called HDL 1 ) was prominent in Tg rabbits. Almost all HDLs in Tg rabbits migrated to the pre-␤ position. SDS-PAGE Western blotting analysis using the same density fractions showed that human apoAII was mainly associated with HDL particles with a small amount of apoAII present in apoB-containing particles ( Figure 3A,  bottom) , as is the case in humans. 25 Each density fraction of lipoproteins was quantified by measuring TC and TG contents. There was a marked increase in VLDL-C (11-fold) and VLDL-TG (5.1-fold), and IDL-C (6-fold) and IDL-TG (7-fold) and a prominent reduction in HDL 2 and HDL 3 -C ( Figure 3B ). To analyze the apolipoproteins, we fractionated each sample using 4% to 20% SDS-PAGE. This revealed that increased VLDL and IDL levels had more apoB and apoE, whereas a reduced level of HDLs was associated with a marked reduction in apoAI content, although HDL 1 was apoE-rich ( Figure 3C ). ApoAII proteins were mainly distributed in HDL fractions, and some were associated with apoB-containing particles ( Figure 3C ). We also compared the apoB100 and apoB48 levels of Tg rabbits with those of non-Tg rabbits in the fasting and postprandial conditions. In non-Tg rabbits, apoB48 was only visible in the VLDLs in the postprandial state. In contrast, Tg rabbits showed a more prominent increase in both apoB100 and apoB48 in the fasting state compared with non-Tg rabbits. After animals were refed with a chow diet, both apoB100 and apoB48 levels in Tg rabbits further increased compared with those of non-Tg rabbits ( Figure 3D ).
We further analyzed lipoprotein particles by negative-staining under electron microscopy and showed that the average particle sizes of VLDL and IDL of Tg rabbits were smaller than those of non-Tg rabbits, possibly due to the increased accumulation of small particles (supplemental Figure I) .
In addition to the above analyses, 3 HDL subfractions (fast-, intermediate-, and slow-migrating HDLs), 2 TG-rich lipoprotein (TRL) subfractions (fast-and slow-migrating TRL), and 2 LDL subfractions (fast-and slow-migrating and apoAII Tg rabbit (middle) were separated by sequential density ultracentrifugation using the density ranges shown above the gels. An equal volume of each fraction (8 L) was resolved by electrophoresis in a 1% agarose gel. Lipoproteins were visualized using Fat Red 7B staining. The apoAII distribution in different density fractions was analyzed by 10% SDS-PAGE followed by immunoblotting using human apoAII mAb (bottom). ApoAII is mainly distributed in HDLs, whereas a certain amount of apoAII is also seen in apoBcontaining particles. B, The quantitation of cholesterol and triglyceride (TG) contents in lipoproteins. Cholesterol and TG contents in each density fraction were quantified. The total recovery for each animal averaged Ϸ80% of the total amount in the plasma. Data are expressed as meanϮSEM. *PϽ0.05, **PϽ0.01 vs non-Tg rabbits. Note that different scales are used for illustrating TG content in HDLs. C, Analysis of apolipoproteins in lipoprotein density fractions. An equal volume of each fraction (5 L) was resolved by electrophoresis by 10% SDS-PAGE. Apolipoproteins were visualized using Coomassie brilliant blue. Compared with non-Tg (left), apoB and apoE levels increased but the level of apoAI was markedly reduced in Tg rabbits. ApoAII was only present in the lipoproteins of Tg rabbits. Apolipoproteins are indicated by arrows. D, Comparison of apoB100 and apoB48 in VLDLs in fasting and postprandial states. The density fractions of dϽ1.006 g/mL (VLDLs) were separated by ultracentrifugation and resolved by 3.5% SDS-PAGE followed by immunoblotting with apoB Ab.
LDLs) were analyzed using cITP ( Figure 4A ). The levels of fast-and intermediate-migrating HDLs of Tg rabbits were significantly decreased by 57% and 37%, respectively, whereas the level of slow-migrating HDLs increased 1.7-fold compared with those of non-Tg rabbits ( Figure 4B ). Consistent with the ultracentrifugation results, the levels of fast-and slow-migrating TRL subfractions (equivalent to chylomicron remnants and VLDL/IDL) of Tg rabbits increased 23-and 5.9-fold, respectively, compared with those of non-Tg rabbits, and fast-and slow-migrating LDLs both increased 2.5-fold ( Figure 4B ).
VLDL Synthesis Rate In Vivo
To elucidate the possible mechanisms responsible for the hyperlipidemia exhibited in Tg rabbits, we measured the in vivo rates of VLDL secretion in fasting animals using Triton WR-1339 to block hydrolysis of TG-rich lipoproteins by lipoprotein lipase (LPL). The basal lines of plasma TG and VLDL-TG levels of Tg rabbits were significantly higher than those of non-Tg rabbits; however, VLDL synthesis rate in Tg rabbits was similar to that in non-Tg rabbits starting from 2-hours ( Figure 5A ).
Analysis of Plasma Enzymes
To examine whether the expression of apoAII had any influence on lipoprotein-related enzymes and thereby modu-lates VLDL and HDL metabolism, thus causing subsequent hyperlipidemia, we measured postheparin LPL and hepatic lipase (HL) activity, and lecithin:cholesterol acyltransferase (LCAT) and cholesteryl ester transfer protein (CETP) activity. We found that postheparin LPL was significantly lower in Tg rabbits than that in non-Tg rabbits ( Figure 5B ). HL activity of Tg rabbits was also lower than that of non-Tg rabbits, although the difference was not statistically significant. However, compared to non-Tg rabbits, the LCAT and CETP levels of Tg rabbits were not significantly changed: LCAT activity: 56Ϯ5 in Tg versus 47Ϯ4 nmol/mL/h/37°C in non-Tg (nϭ4 for each group); CETP activity: 12.0Ϯ1.0 in Tg versus 13.4Ϯ0.9 nmol/mL/h in non-Tg (nϭ11 for each group).
Discussion
To the best of our knowledge, this is the first study to investigate human apoAII using Tg rabbits, an animal without an endogenous apoAII gene. 20 This unique apoAII Tg rabbit model allowed us to examine several physiological functions of apoAII in vivo.
First, the expression of human apoAII in Tg rabbits led to increased plasma levels of TG, TC, and PL in both fasting and postprandial states. Analysis of lipoprotein density fractions revealed a marked increase in VLDL and IDL along with increased chylomicron remnants in the postprandial state, which are responsible for the hyperlipidemia exhibited in Tg rabbits. Several possible mechanisms are related to the increased VLDL and IDL levels in Tg rabbits; these include increased hepatic synthesis, impaired LPL-mediated hydro- lysis, and delayed catabolism in the liver. It seems unlikely that the expression of apoAII per se enhances hepatic VLDL production because Triton WR-1339 injection revealed that the rate of hepatic VLDL synthesis of Tg rabbits was similar to that of non-Tg rabbits, and that there was no increased lipid accumulation in the hepatocytes (fatty liver, a hallmark of enhanced VLDL synthesis) of Tg rabbits. Moreover, we found that Tg rabbits had significantly lower postheparin LPL activity, suggesting that hyperlipidemia induced by apoAII expression may be caused by the reduced LPL activity. It is likely that a small amount of apoAII present in VLDL particles may replace apoCII, thereby interfering with apoCII as an LPL activator; alternatively, apoAII may directly inhibit LPL activity. It has been reported that the presence of apoAII in VLDL makes it a poor substrate for LPL hydrolysis. 26 As such, reduced LPL activity in Tg rabbits may also help explain why Tg rabbits showed increased postprandial chylomicron remnants accompanied by increased apoB48. In support of this notion, our preliminary study showed that Tg rabbits are more susceptible to cholesterol diet-induced hyperlipidemia than non-Tg rabbits. (Inoue T, Koike T, Fan J, unpublished data, 2009).
Second, the expression of apoAII resulted in several characteristic changes in HDL levels of Tg rabbits: (1) a marked reduction in plasma HDL-C; (2) a reduction in fastor ␣-migrating HDL and an increase in slow-or pre-␤migrating HDL particles; and (3) a reduction in apoAI content in HDL particles compared with that in non-Tg rabbits, suggesting that apoAII plays multiple roles in HDL metabolism. Whether a reduced level of fast-migrating HDLs and an increased level of slow migrating HDLs in Tg rabbits were attributable to reduced production or enhanced catabolism is unknown. Because the intestinal and hepatic expression of apoAI mRNA of Tg rabbits was similar to that of non-Tg rabbits (hepatic expression: 0.56Ϯ0.16 arbitrary unit in AII-Tg versus1.00Ϯ0.03 in non-Tg and intestinal expression: 383Ϯ34 in AII-Tg versus 376Ϯ13 in non-Tg), it is not likely that apoAII transgene per se inhibited apoAI synthesis. We speculate that apoAII/apoAI HDLs may be catabolized faster than those of apoAI-only HDLs, although this hypothesis remains to be verified as the urine excretion of apoAI was not changed in Tg rabbits compared to non-Tg rabbits (supplemental Figure II) . In addition, apoAII has long been considered to participate in HDL remodeling and particle size modulation through interaction with plasma enzymes. For example, apoAII may act as an activator, inhibitor, or cofactor for LCAT, CETP, HL, and LPL, although this needs to conclusively proven. 27 It has been proposed that apoAII may displace apoAI from the surface of HDL, thereby reducing the capability of the particles to act as a substrate for LCAT. 21 In the current study, we did not observe any significant reduction in LCAT and CETP activity in Tg rabbits compared to non-Tg rabbits; therefore, it is still unclear whether apoAII has any direct effect on the activity of these enzymes.
A possible mechanism for the reduction in HDL levels in Tg rabbits may be the decreased availability of VLDL surface components caused by an inhibition of LPL activity. 28 Although previous studies suggested that apoAII may be a mediator for HL, 29, 30 relatively low postheparin HL activity in Tg rabbits compared with non-Tg rabbits (though not statistically different) may suggest that apoAII is an inhibitor rather than an activator of HL. 31, 32 However, these results regarding HL activity in rabbits should be interpreted carefully because rabbits are considered to have a lower HL activity than other species. 33 Taken together, apoAII Tg rabbits exhibited prominent hyperlipidemia and decreased levels of plasma HDL, and thus they can become a new model for the study of human familial combined hyperlipidemia (FCHL). Previous studies have demonstrated that increased levels of plasma apoAII are biochemically and genetically associated with human FCHL. 34, 35 Furthermore, phenotypic features of apoAII Tg rabbits also indicate that apoAII Tg rabbits may be potentially proatherogenic. To address these possibilities, we are now investigating whether apoAII Tg rabbits are susceptible to cholesterol-induced atherosclerosis.
In conclusion, we successfully established Tg rabbits expressing human apoAII. ApoAII Tg rabbits exhibited apparent hyperlipidemia and lower HDL levels, suggesting that apoAII plays an important role in the metabolism of both VLDL and HDL. Although the precise mechanisms remain to be elucidated, Tg rabbits may also provide a unique means to investigate apoAII functions in lipid metabolism and the relationship of apoAII with FCHL and atherosclerosis.
